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l: Erobhoma concerning the charseterizatioa of the chanical coupons tion and of the 


physical properties oF brode aubstances 
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‘the aheractarisstion of the chemical composition and physical properties of 
humic substaucea ig Airficult, because these substances are formad, by aud 
lenge, by rasetions ae yet unknown and hitherto no substances of n uniform cho- 
mical structure have besn isolated, The literature shows that substances of tha 
uens type heve ssidom beon analyzed. Elucidstion c? the properties of hime aub- 
utances ie complex for the Following reasons: 


1, Shs ccmpasitiza of the isolated substances is variable because they ora Pora- 


ed from ditfarent i wi materiale, 

2. Otten different metiods acs used for the isolstion of fraction: of mil organ- 
is patter, an for inoteces: the "humus acida". Only ene attaupt has been mada 
to idantify a certsin Practicn as "hurie acids", which should be iealated by 
s conventicnslly fixed methoi /Plaig 1964/, 

Differences are found in the use of methoda For the characterization of 

E GE ysta properties, These differences are yerisbla ascoring to the ori- 

gin of the “humic acids", It would be desirable to identity tha monomera, which 

participats in the formatica of hunie ocida, und tha linkages, mich exist bet- 
weon the various monowers. The difficulties mentioned under l, cnd 2. wanid 
decruase if selective reactions were io occur during the formation ot huwis oy 


stances, Tnore may be suno indisatione for the occurenca of selestivy renesions 


At the begining it should be usntioned that ihe vasulta deszorib 


ezening the chswi.ce) and payaical properties cf humic subsites 


ways, Hovever, only the valuus obtained with conventionel sath 


for corperisyr and can ba used for reviews, 
The purposes of my iceture ie not only to enwessaic the che 


eical proportise of humic substaneyss but also to ox;lein the versions "Den 


Read to these. Time aliows us to mention only some problems suich sithas usin 


to ne actual or which ars nat reported in tha following cemmmicctiens. R:nınz- 
ly, impervent specialised Literature ouch au books /Kenonowa 3966, Veraren IST, 
report o? LAEN-FAO 1968/ or articles in handbooka /Fluig 1966, have Doan publish- 


2d about the atate of rosnarch ia the rialds of humic oubetances, 
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Fig, l.: Scheme of transformation of constituents of plants 
and microorganiens during humification. 


the existing kmowledge about the composition of humic ecids supports the 
view that reactions between phenols derived from lignin or synthesized by micro- 
orgsnisas and nitroganous compounds derived from proteins are important in the 
‘formation of humic subetancss, Other groups of substances have not yet been 
isoleted from humic acids in a comparable amount, The further considerations 
are in connection with this subject. 

The theory that humic acids ara formed by condensation of phenolic and, 
nitrogenous compounds has developed from two types of work, Fragments from the 
degradation of humic acids have been isolated as chemical compounds, and expe- 
rimente imitating the synthesis of humic acids under artificially ‘imposed phy- 

‘ siological conditions have been performed in teat tubes or in culturea of micro- | 
organisms, Essential questions are not yet answered; recently, however, new re- 
sults concerning the chemical composition of humic acids hava Seen obtained 
through the use cf 14 carbon labelled compounds, What is more, some stepa of the 
mechsnium of formation of humic acids could be elucidated using this technique, 


But, hers also wa are only at the beginning. 


2.1 Identification of phenola aa structural units of humic acids, 
Regarding the participation of phenols in the structurs of humic acids it 
will be remembered that phenolic compounds are obtained by oxidative cleavage 
in alkaline nitrobenzene solution /Morrison 1.963, Farmer and Morrison 1964/ or 
by degradation with alkaline’ potassium permangenate solution /Schnitzer and Dos- 
Jardins 1964, Wright and Schnitzer 1959, Kumada, Suzuki and Aizawa 1961/, a8 weil 


as by reductive cleavage of humic acide with sodium amalgan /Burges, Hurst and 


Valkden 1964, Eurges, Hurst, Walkden, Dean snd Hirst 1963/~ Yields of 30 % of 
the cerbon of the hydrolized portion of humic acids are reported after the re- 
ductive clesvege /Burges et al. 1964/, Other authors could not verify thia re- 
sult in their investigstions /Mendez and Stevenson 1966/. Using model substan- 
coa wa established that different polyphenols are changed into several other 
‘phenols /Saifeld unpublished/. Aleo a small yield of phenolic degradation pro- 
ducts after oxidative or reductive cleavage is not conclusive evidence that 
only few erometic units are present in humic acids. The yield of vanillin after 
the oxidation of coniferous lignin with nitrobenzene in alkeline solution ie 
only 25 %, although coniferous lignin is nesrly a pure polymer of coniferyl al- 
cohol. A pretreatment with acid or alkali es well ae the presance of other plant 


constituents decreases the yield to a few percent. 
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Fig. 2.: Degradation producte of humic acids. 


Tne phenols derived from lignin are mainly compounds ot the guäjecyl (2,4, 
8,11,26) or syringyl type (7,9,12,13,15,27,22) or transforzation products of 
p=coumaryl elcohol (1,3,5,10). Moreover, some other compounds are mentioned 
which are formed after the cleavage of the methyl ethers og, (6,14 and 7,15), 
The derivatives of resorcinol (16,17,29) or of phioroglucinol (30,31) may be 
derived fron flavanoids according to Burges et al. /1964/ or are synthesized by 
microorganisms according to Heider and Martin /1967/. 


2.2 Participation of lignin and its degradation products in composition 
of humic acida. 


To understand tho variations in chemical composition end physical. propsr 


ties of fractions isolated from humic substances, tha corresponding transform=- 


H 


ations of lignin es one of the important initial materiels for the formation ot 


humic substances, are briefly dissusssd, 
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Harkin /1964/, 
Freudenberg /1964/ and Freudenberg end Harkin /1964/ have published a 
. Structure scheme of coniferous ligrin, in which the units of corifseyl. alcohol 
ars connected ihres-dimensionally to a high molecular weight compound, During 
the biolegicai degradation of lignin, carbon-carbon or carbon--oxygen linkagea 
ere split off and other, mostly oxidative transformations occur. 

According to eoms investigations low polymer degradation products of lig- 
nin participdte in the formation of humic acids, 

Otherwise, it is not certain how smaller monomer degradation products of 
lignin perticipate in the formation of humic acida. Using labelled lignin dogra- 
cation products euch es phenol carboxylic acids and phenol serylic acide aa well 
as their nitrogen free polymera formed by oxidative polymerisation in the presen- 
co of phenol oxidases, we found Dat these compounds are relatively easily degra- 
ded ty lignin decomposing soil fungi and that they can be utilised aa a carbon 
source by tho micrcorganioms /Flaig and Heider 1961, Heider, Lin end Plaig 1962, 
Heider 1965/. . 

In contrast to this, the nitrogsnous polymere of lignin degradation pro- 
ducts are more resistent to tha microbial degradation. Therefora, the possibili- 
ty oxists that these substances accumulats in the soll, The nitrogen containing 
condensation products heve properties that are comparable with thoeo of humic 
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acids isolated from soil. 


Tabel, Element composition of lignin, humified lignin, humic end 
ulvie BCldB. 


(accord. to Fraydenberg and Harkin 1964, Maeder 1960, Kononowe 1966), 
Dragunov 1948*’) 


Lignins se SH 80 see, Sg 


1) Beech (Fagus Colic isffafle g,(OCHs); yy 62,87 6,03 32,10 2,65 
) Bench, (Fagua Ogle 502(H20)9,¢460CH3)2,41 Ze > : ` 


2 
Sergio Cy 1202(Hz0)0 40(O0H3)o g2 65,08 5,88 29,04 12,87 


3) Ten Cl, 9692200, gql O39, za 61,67 5,89 32,44 4,35 


Sphagnum) 

4) Ryo etrew 63,10 5,92 30,67 17,20. 0,54 
(Secale Ce 512820); o5(0CH3)) io, ok OT? : * e 
cereals) 

Humified lignin 

5) Rye etraw 61,15 5,42 32,42 11,05 1,75 
decomposed c 0,(H,0) ( OCH.) 
rages ës, 4502(H 2°), 4260310, 680,24 

Humic acids 


Pulvic acids 


6) Northern podzol under forest?) 58,11 5,37 32,00 - VE 
57 3,33 42,89 . La 
T) Podzolic 6o11”) 57,94 5,79 31,41 1,54 4,86 
8) Ordinary chornozem, arable!) 62,13 2,91 31,38 > 3,56 
44,84 Aën 49,36 5,35 
9) Chernozen®? 51,32 4,5 34,39 1,17 4,04 


The elementary composition of lignin snd humic acids dezonstrate thet the 
carbon content ef the lignins of different plants is higher than that of huzic 
scids, The decrease in carbon content and increase in oxygen content show that 
oxidative processes play an important role during the traneformation of lignin 
into humic acids, Furthermore, the nitrogen content increases, whilst the cor- 
tent of methoxyl groups decreases remarkably during hunification. 

We could show with specifically labelled synthetic Yignins and with poly- 
nera of lignin degradation products that the cleavage of the mothylethor occurs 
relatively fest by the action of lignin decomposing fungi, bessuse the rate of 
the released iubellec carbon atoms of the methoxyl groups was comparatively 
high /Haidsr and Lim 1965/. 

The different content of methoxyl groups of lignin and humie acida indi- 
cate that a remarkable cleavage of the methylather cf the lignin must hove 
occurred, if lignin is to be regarded as an initial matsrial of humic acids, 
and also other phenols participute in the formation of humic acids which have 
no methoxyl groups as it follows also fron the mentioned degradation experinsate, 


If the constituents of lignin participate to a larger extent in the form- 


ation of humic acids, the cleavage of the methylether (comp. fig. 6) may be re- 


garded as a selective reaction during humification, 


2.3 Participati 
of humic acide. 


on of phenols of microbial origin in the composition 


A further source of phenols is the metaboliem of some microorganisms, In 


this case low molecular weight compounds ara formed and react to yield high 
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Fig. 4.: Formation of phenolic compounds by Epicoccun 
nigrum and their transformation. 

The formation of different phanols in the culture of Epicoccum nigrum ie 
reported as an example for reasearch into the microbial synthesis of humic acids, 
Theee phenols ars also partly identified in the humic acids formed by thie fun- 
gus after reductive cleavage /Haider and Martin 1967, Mertin, Richards and Hai- 
der 1967/, The fungus synthesizes orsellinie acid and cresorsellinic acid from 
aliphatic compounds. Different phenols are formed from both these acids by de- 
carboxylation, by oxidation of the methyl group to a carboxyl group and by hy- 
droxylation. 

Furthermore the fungus also synthesizes small sucunts of compounds which 
have the same constitution as some lignin degradation products, 

It must be noted that 5- and 6-methylhyäroxy-hydroquinone, gellic acid, 
pyrogallol and 5-methylpyregallel are formed as autoxydisable compounds, The 
formation of theee compounds is a prerequisite for the formation of humic acids 
in the cultura of the fungus. 

In this respect, it must also be mentioned that hydroxyhydroquinone is 
formed after the enzymatic oxidation of different lignin degradation products 
in microbial cultures to protocatechuic acid and by further oxidation of this 
acid in the presence of phenol oxidases /Flaig and Haider 1961, Haider, Lim and 


Flaig 1964/. These derivatives of polyphenols can be oxidized to quincnea in the 


Someta -tyara 
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culture medie at pH-valuse of-6 to 8, whilet this is not the case with deriva- 


tives of resorcinol and phloroglucinol. 


2.4 Different reactivity of phenols participating in the composition 


of huwie acide during the sddition of nitrogen compounds. 
&wong the identified phenols which are forued aither by oxidative or re- 


ductive cleavage of humic acids, or isolated from soils or synthesised by micro- 
organisms, there are two typse of phenolic compounds, which ara of intereat in 
studies of the structure and therefore also of the chemical and physical proper- 


ties of humic acide, 
Scheme ef transformation of phenols under eridizing conditione 
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Fig. 5.: Trensforastions of polyphenols under 
oxidizing conditions. 
Phenvls have Deen found which possess 
either two or savers] hydroxyl groups in o=position 
or 
iwo or three hydroxy) groupe in m-porition, 

Both types of compounds differ widely in their reactivity, Catechol hy- 
droxyhyéroquinone and pyrogallol derivatives are distinguished froz the derivat- 
ives of resorcinol and phloroglucinol derivatives by tha fect that they dimeriee 
and add nucleophilic proteins or their producte of hydrolysis during the oxidat- 
ion te quinones. 

The differences in reactivity are important with regard to the function 
of nitrogen in the molecule of humic acids. Otherwise the formed quinones add 
nucleophilic resorcinol or phloreglucinol derivatives /Musso et al. 1965/. This 


oxidative coupling lvade to remificatien and increases aromaticity. 
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Fig. 6.: Function of nitrogen in humic scids, 


It is known from numerous investigations (summary: Bremner 1965, Fleig 1966, 
p.403~404) that 30-50 % of tho numic ecid-nitrogen can be hydrolized with 6 N 
hydrochloric acid. From 20 to 40 % of the total nitrogen in the humic acid hydro- 
lysate consiate of O&-emino-nitrogen, while 10 to 25 % ia ER,enitrogen, referred 
to the total nitrogsn of humic acids. According to the sxperimenta of Bremner 
/1955/ end Toung and Mortensen /1958/ 1 to 5 % cf the totsl nitrogen ie anino 
sugar nitrogen, The X -enino-nitrogen is derived mostly from microbial protsin 
(Kuo and Bartholomew 1966), 

About 50 % of tho original nitrogen remaine in the residue of the hydrolya- 
Ze, Host authors postulate that this nitrogen is bound in hetarecyclic form, GE 
this nitrogen, about one-half ie split off as emmonia by fusion with a mixture 
of odium hydroxide and sodium acotate (ration 7:1) in an iron crucible at 270° 
for 7 minutes. Oa the basis of model experiments with N-phenylglycine, we assu~ 
me that this nitrogen consiete partly of non-hydrolizable amino acide /Vleig and 
Brayhan 1956/, Th small variations in the quantitative composition of hydrolis= 
able amino acida (comp. Scharpenseel and Krausse 1962) may be considered as a se- 
lective reaction in the sense mentioned before. The fact that tryptophane was not 
released from humic acids by different degreas of hydrolysis may also be inter- 
preted in the same manner, 

Scharpenseel and Kraussa /1962/ found by treatment of M carbon Labelled 
humic acids with papain, an enzyme which splits off peptide linkages, that at 
least 30 % of the hydrolizable amino ecids are bound as peptides, 


3.1 About the linkage of amino acids, peptides and proteins in humic acids. 


3.11 Nucleophilic addition of nitrogen compounds by phenols 
during oxidation. 


desen. actives of Eens, pestis und amas STE by enigined 
ëss  geeminstion 


Ba 


Fig. 7-3 &) Nucleophilic addition of proteins, peptides 
and emino acids by phenols during oxidation. 


b) Oxidative deamination. 


lub asia SS 


We made extensive studiss of the possible linkege of proteins and of their 
products of hydrolysia to phenole during oxidation with labelled amino acids 
/Maider, Frederick and Flaig 1965/. Some lignin degradation products isolated 
from lignin degradation reactions or from soils as well as sone phenols of micro- 
biel origin can add nitrogenous compounds derived from proteins at variebis ra- 
tes and in different emounts during oxidation in the presenve of phenol oxidasss. 

To sum up, we established that guajacol- and resorcinol derivatives do not 
add semino acids in e pH range of 6,5 to 8,0. On the other hand, varying omounta 
of amino acids ars subjected to nucleophilic addition by catechol and hydromins- 
ne derivatives. Addition by pyrogallol derivatives alse oczurs but to a smaller 
extent, depending on the chemical constitution of the derivetives, It could be 
proved by means of labelled compounds that the smino acids are added intact. This 
addition also occurs with peptides and proteine. 

Furthermore, during oxidation in the presence of phenol oxidases and nitro- 
gen compounds, catechol derivatives polymerize to nitrogenous polymera which have 
properties comparable to those of humic acids, In contrast, the polymers of gua- 
jacol derivatives do not contain nitrogen /Flaig and Haider 1961/. 

The added amino acids cannot be hydrolyzed from the corresponding addition 
products by 6 N hydrochloric scid. However, in the case of addition products 
formed with proteins and peptides, all the amino scids could be hydrolyzed except 


the N-terminal amino seid in which the amino group has reacted with the oxidined 


phenol /Haider, Frederick and Flaig 1965/. Therefore not all non-hydrolizabla ni- 


trogen is bound in heterocyclic form as is often aupposed. 


3.12 Oxidative deamination of amino acids, 


According to the chemical constitution of the phenols, not only an addition 
but also a deamination of the amino acids occurs, The emino acids are split off 
to give the corresponding aldehydes, ammonia and carbon dioxide. The ammonia 
produced in this reaction serves as a reactant in humification, Wa could show 
that the above mentioned catechol, hydroquinone or hydroxyhydroquinone derivatives 
do not sdd ammonia at pH values between 6 and 8 during the enzymatic oxidation of 
these phenols /Haider, Frederick and Flaig 1965/. A reaction with ammonia occurs 
under oxidizing conditions only when the pH values are higher than 8. Dark colour 
ed, nitregenous substances with properties comparable to thosa cf humic acide are 
formed only under these conditions. Eller /1921/ waa the first to synthesise humic 
acids from hydroquinone, hydroxyhydroquinone or pyrogallol in thia way. 


3.13 Possibilities of participation of heterocyclic nitrogen 
compounds in composition of humic acids, 


Using amino acids labelled either in the carboxyl group or in another cam 
bon atom, we have shown that ammonia and carbon dioxide are not split of? in a 
molar ratio of 1:1 in all cases, A 1:1 ratio would be expected for the raaction 
of various o-diphenol with amino acids in the presence of phenol oxidases under 
oxidizing conditions according to the equation for the oxidative deamination re- 
action /Haider, Frederick and Flaig 1965/. More carbon dioxide ia split off than 
ammonia is released. Some addition products can be precipitated by mineral nacido 
and have a higher nitrogen content than that corresponding to the addition of one 


amino acid by one phenol. 
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Fig. 8.: Possibilities of formation of heterocyclic 
compounds during humification at pH-values 
between 6 and 8 under oxidising conditions, 


We explained the reaction mechanism of addition and deamination of amino 
acids in the presence of catechol derivatives in an oxidising medium with re- 
ference to the work of Trautnor and Roberts /1950/. In thie case, the possibi- 
lity exists that o-amino phenols are formed. Phenoxazinss may be formed by con- 
densation with the original catechol derivatives under oxidizing conditions. 

In the case of hydroxyhydroquinones, phenoxazones are formed, Further reactions 
of this type occuring under natural conditions are described for instance by 
Butensnät, Bickert and Schäfer /1960/. Horner and Sturm /1957/ have demonstrated 
that 4-amino catechol reacts with itself to a phenezine derivative, and 3-amino 
cetechol condenses to polymers. 

Heterocyclic condensation products are also formed by condensation react- 
ions between quinones and amino acids which contain sulphur. Kuhn and Beinert 
/1944/ described the condensation of 2,5-dimethyl-p-benzoquinone with the ester 
of cystein to a dark coloured, heterocyclic compound, which contains nitrogen 
end sulphur in one ring, 

Nitrogen ring compounds such es pyridine derivatives ere formed after the 
oxidative cleavage of catechol or protocatechuic acid through the hel?-sldehyde 
of cerboxymuconic acid /Trippett, Dagley and Stopher 1960, Dagley, Evans and 
Ribbona 1960/. 

The formation of brown polymers by the reaction of phloroglucinol with ami- 
ns acids in the prssence of potassium ferricyanide is also described. Phloroglu- 
cinol cannot be oxidized to a quinone and therefore the usual nucleophilic add- 
ition of amino acids cannot occur. Stein and Tendeloo /1955, 1956a,b, 1958, 1959/ 
suppose that the first step of the reaction is the formation of a free radical. 

Phenoxazones are also formed by the reaction of resorcinol derivatives such 
as orcinol with sumonia under oxidizing conditions but only at pH values above 8 
/Musso and coworkers 1961, 1963, 1965/. 


4. Nature of oxygen in the humic acids, 


The oxygen stoms in tho molecula of humic acids are distributed among dif- 
ferent functional groups. The carboxyl groups are formed by various reactions, 
for instance, by the oxidative cleavage of the aromatic rings. Haider snd Grabbe 
/1967/ have investigated different types of lignin synthesized by the method of 
Freudenberg /1956, 1962/. The lignin units were labelled in the carbon atoms of 
methoxyl groups cr side chains or rings. The cleavage of the arcmatic ring of 
lignin was found to be rapid during degradation by microorganisms and therefore 
to be an essential reaction in its microbial degradation. In addition to the 


Cleavage of the ring, a degradation of the single carbon atoms of the side cheins 


was measured, In both casea, the formation of carboxyl groups accurs, Other pos- 
sibilities for tha formation of carboxyl groups by oxidation of methyi groups 
have been mentioned in the review of participation of phenols of microbial ori- 
gin in the formation of humic acids. Furthermore humic acids contein carboxyl 


groups of amino acids. 


Tab.2o: Analytical characteristics of a humic and fulvic acid 


according to Schnitzer 719657 D 


nn EES Eer COMPOST AOR nie 
Element Humic acid Fulvic acid 
WH (%) 
Cc 56,72 50,92 
D 5,21 3,34 
N 2,37 0,74 
sS 0,35 0,26 
O (by difference) 35,35 44,74 


Oxygen containing functional groups 
(m-equivalent per g dry ash-fres material) 


Total acidity 5,7 12,4 
Garboxyl 2,5 9,1 
Total hydroxyl 6,9 6,9 
Phenolic hydroxyl 4,2 "333 
Alsoholic hydroxyl Set 3,6 
Carbonyl 0,9 3,1 
Molecular weight *) 1684 669 


x) The average molecular weights were determined 
by Schnitzer and Desjerdins /1962/ by lowering 
or freezing point in sulfolane, 


Another portion of the oxygen equivalents is fixad in phénolic or alcohol- 
ic hydroxyl groups. Finally, e larger amount of oxygen equivalents is bound as 
ether groups (e.g. Martin, Dubach, Mehta and Devel 1963). A small amount ef 
this ‘ean be oaaily determined as methylether of phenols; however, the form in 
which the ether linkages are present in humic acids, in contrast with that of 
their distribution in lignin is not yot known /Adler 1961, Freudenberg 1964, 
Freudenberg and Harkin 1964/, Attempts to cleave diphenylether linkages, which 
could have been present, with sodium in pyridin according to the msthod of Musso, 
Gizycki, Krämer and Döpp (1965/ wore unsuccessful in the case of humic acids 
formed by fungi /Haider and Martin 1967/. x 

By various titration procedures (summary: Kononowa 1966, page 60-64, von 
Dijk 1957, Posner 1964/ differences betwean weak and strong acid groups can be 
detected. A quantitative differentiation in carboxyl or phenol groups isa not 

"possible, The titration procedure will not be mentioned in detail and the methods 
of characterizing the phenolic hydroxyl groups and carboxylic groups will not 


we HI - 


be discussed, Schnitzer and Desjardins /1965/ used the findinge of former authors 
and tested the methods with model substances, Although there is much data on the 
distribution of the function of oxygen, which could be discussed; only the data 
of Schnitzer and Desjardins will be given as an exemple for the composition of 
humic end fulvic acids from podsol and for the distribution of functionsl groups 
(compe fig. 2). 

Similar investigations concerning the characterisation of humic acids of differ 
ent origin have been published recently by other authors /Fischer, Schlungbaun 
and Kaäner 1964, Fischer, Schlungbaum and Belau 1964, Fischer, Schlungbaum, Belau 
and Preu 1965, Kesatochkin, Kononowa, Larina and Egorova 1964, Ziechmann 1964, 
Kröger, Daraw and Fuhr 1965, Kröger 1966, Schnitzer and Skinner 1966/. The rə- 
view of the roletively voluminous literature demonstrates that tho distribution ` 
of the oxygen function in humus differs not only according to origin but KS 
according to the method of isolation. However, the results show principelly simi- 
lar iendanciss. i g 

Carbonyl groups have also been determined in humic acids, The methods for 
the determination of these functional groups with carbonyl reagente such as 2,4~ 
dinitrophenylhydrazine, phenylhydrazine, semicerbazide and hydroxylemine involve 
the assumption that the determined carbonyl groups belong mainly to aliphatic 
parts of the molecule of humic acids and not to quinonoid groups, Not ell auino- 
nes react with the above reagents since the reaction is dependent upon the sub- 
stitution of the quinones. 

For further considerations, it should be mentioned that humic acids contain 
carbonyl groups and differsnt strong acidic groups, which are partly phenolic hy- 
droxyi or carboxylic groups. Furthermore, it should be mentioned that nitrogen 
as well es sulphur is present in the molecule of humic end fulviec acids. The 


above characteristics may also have an influenca on the colour of humic acids. 


5. Colour and electronic spectra of humic and fulvic acids. 


5.1 Possible chromophoric groups. 

The previously mentioned reactions, which could result in the formation 
of heterocyclic structural units, lead also to considerations of the colour of 
humic acids. . 

For this purpose, all units of the molecule which absorb only in the ultra- 
violet light can be excluded. The aliphatic portions of acids, proteins and ami- 
no acids are such units, provided they are not linked with quinones through an 
amino group. Phenols absorb only in the ultraviolet. Lignin is a typical exam- 


pie. Ite absorption maximum between 275 end 285 nm is attributed to the benzens 


nucleus with oxygen containing groups, and the shoulder between 300 to 350 na 
to the presence of chromophoric groupa such as carbonyl groups or double bonds 
in the side chain (Jones 1949, Schobinger 1958). 


5.11 Quinones, 


The absorption of humic acide in the visiblo range may be caused by chro- 
mophoric groups which are formed by oxidation of phenolic hydroxyl groups to car- 
bonyl groups. IR-spectra lead us to essume that quinonoid groups are presont in 
the molecule of humic acids. Exact determination of the wave length and the 
etrength of absorption of conjugated C=0 and C=C-groups ia difficult in the casa 
of quinones in mixtures with similer absorbing substances, because tha absorp- 
tion strength and range of the quinones very with the substitution /Flaig and 
Selfeld 1959, Flaig 1960/. l 

Purthermore quinones or their corresponding phenols such as mathoxy-p-ben- 
zoquinons /Sundman and Haro 1966/ or hydroxyhydroquinons /Fleig and Haider 1961/ 
have been identified during enzymatic oxidation of lignin degradation products 
in cultures of lignin decomposing fungi or in the ‘presence of phendloxidasaas. 

Also we could demonstrate /Hsider and Martin 1967/ that tha formation of 
kuaic acids depends upon the transformation of microbial synthosized resorcinol 
derivatives to hydroxyhydroquinone or pyrogallol derivatives. Conisnsation to 
huaic substances through asmiquinone radicala as intermediates occurs only by 
further oxidation. l 

But generally speaking the quinones of oxidised phenols from lignin degra- 
dation or from microbial eynthesis cannot be found in the same amount as tho com 
responding phenols, because this type of quincne has a relatively high redox po- 
tential and is reduced by oxidizing the substituted, the dimerised or the polynie- 
rized phenols, which have lower redox potentials of about 80 to 200 eg, fhe fur 
ther condensation reactions proceed, tho lower will be the radoz potential. Only 
partial oxidation of the polymers occurs end tho resulting substances become 
intramolecular quinhydronea. Tha redox polymera insist upon a quinkydrone state, 
as could be demonstrated in the case of polyvinyl-quinhydrons by redox titration 
/Cansidy 1949, Updegraff and Canoidy 1949/. 

Aliphatic portions, methoxyl groups, phenolic hydroxyl groups and perhaps 
substituted benzene rings and primary or secondary amino groups may bs important 
substituents of quinones, which are formed by the cxidation of phenolic unite of 
humic acids. Carboxyl groups as substituents of quinones can be excluded, bo- 
cause o-quinone carboxylic acids are decarboxylated very essily and p-quinone 
carboxylic acids are very unstable, i f 


. Fige 9.: Shift of the 2. maximum of absorption spectra 
of o- and p-benzoquinones by substitution 
with methyl-, methoxyl- and hydroxyl groups. 

The spectra of benzoquinones have 2 or 3 distinct maxime depending upon 
their substitution. The second maximum is shifted to longer wave-Iengths main- 
ly by substitution /Flaig, Plootz and Küllmer 1955, Flaig and Salfeid 1958/r 
Substitution in the order methyl, methoxyl, hydroxyl, phenyl, secondary amino 
group shifta the sbsorption of p-benzoquinone derivatives to increasingly longer 
wave-lengthe. Nearly no shift occurs in the case of toluquinone efter substitut- 
ion by a second methyl group in m- or Deponien; Normally the size of aliphatic 
substituents has no marked effect on the shift of the second maximum, 

The effect of the other groupa as second substituents in m- or p-position 
is larger than in the case of methyl groups. However, substitution by the men- 
tioned groups in o-positiom effecta a larger shift than in m- or p-position. 
When o-xyloquinone is eubstituted by additional methyl or methoxyl groups es a 
3. or 4, substituent, Jittle effect on the shift of the second maximum is observ- 
ed. o-Benzoquinones absorb at longer wave-lengths then the p-benzoquinones, Sub- 
stitution in J-position has a greater effect on the shift than in 4-position. 

The 2. meximum of substituted dimer quinones is in the same wave-length 
range as the corresponding monomer, which is substituted by an aliphatic group 
on the cerbon atom through which the rings are linked /Plaig and Salfeld 1958/. 

It is unlikely that all phenolic units in the H of humic acids are 
present in the form of quinones, because these are not very stable against fu~ 
ther oxidation. If quinonoid groups are present to & larger extent, they wovld 
presumably effect a broad maximum in the absorption curve in a range between 300 


to 500 nm. This is not observed; therefore other effects must oxist. 


5.12 Radicals. 


Polymere quinones as model substances of humic acids 
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We made some model experiments to explain the absence of distinct mexima 
in the absorption curve of humic acids. According to the W-spectrum, 1,4-diqui- 
nonyl-benzene seems to be present in an o- and p-quinonoid configuration in 80- 
lution /Ploetz 1955/. The o-configuration may be defined as a biradical and ia 
very reactive. A corresponding hydroxyhydroquinone which can be partially re- 
oxidized to e hydroxyquinone is formed by addition of water. A deeply coloured, 
intramolecular quinhyärone is formed. Diquinonyl-benzene is disproportionated 
in organic solvents by light. The formed mixture of substances show similar, 
nearly monctons incressing spectra as they are known from humic acide isolated 
“from soils /Fröner 1938a,b, 1941 and later on many othera/. 

Steelink end Tollin /1962/, Steelink /1964/ demonstrated by electron spin 
resonance, that humic acids contain radicels. This result agrees well with the 
assumption that the humic acids are intramolecular quinbyGrones, Measurements 

ER 1d Kücks /1966/, Kleist /1957/ established that the radicals (semi- 
ce stabilized by mesomery and are responsible for ths colour of humic 
‘by, the humic acide would have the properties of an electron exchang- 
Brigge, Lawson, Scruton end Wards /1965/ explain absorptions in IR- 
wown coal humic acids by hydrogen bridge linkages between the hydro- 
gen or pnenolic hydroxyl groups and the carbonyl groups of quinones, Hitherto no 
quinone group could be found by reducing acetylation /Farmer and Morrison 1960/. 
Otherwise Martin, Dubach, Mehta and Deuel /1963/ assume that the carbonyl group 
of fulvic acids from podsol, which cannot be reduced by sodium boron hydride 


(NeBH,), may belong to quinone groups. 


5.13 Heterocyclic ring eyatem, 


A bathochromic effect may be caused by the oxygen, nitrogen or sulphur 
Stong in ring syetems, which may occur in humic acide. The oxtent of the batho- 
chromic effect of these elemente is shown in the cese of 4 dyestuffs with com- 
parable chemical constitution. 
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Fig. 11.: Bathochromic effects of heteroaton2 
in dyssturfea with compareble che- 
micel constitution. 
The influence of the shift of the absorption maxima increases in the or- 
der nitrogen, oxygen, sulphur and corresponding combinations, The range of ab- 
sorption of these compounda is at longer wave lengtha than that of the mention- 


6d benzoquinone compounds. 


5.2 Electronic spectra of humic acids. 
In the following figure the abeorption spectra of different humic acids 


and of fulvic acida are depicted schematically. The curves of absorption are not 
linear, aa could be shown by more exact measurements (comp. Salfeld 1965). 
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Fig. 12.: Absorption spectre of humic acids from charnezem 
and podsol and fulvic acid (schematic). 


Tab, 3. Distribution of nitrogen in different humic acids and 
Their b- and g-rractions. 


Podzol Chernozea 
(Thyxengrube) (Sprendlingsn) 
(accord.to Scharpensasl 
and Krausse 1962) 


% fraction 71:9 28.1 14.5 
Total-N in % 0.92 0,70 2.25 
8,2,=content in % 1.04 0.65 2.55 


Chernozem (Schöppenstedt) (accord.to Flaig, Schoffer 
and Klarroih 1955, 

Brem 1955 

Ké 
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Total-K (el.dial.) 


Total~N in % 
Nitrogen distribution after 
hydrolysis ref. to _totel-N 


Insoluble E in % ~ 30.9 75.4 
Soluble in % 69.1(100) 23.6{200) 
Ke? in % 9.8(14.2) 7.7(32.6) 
d-i -N in % 37.5(54.3) 10,5(44.5)- 
Rosidua of hydrolysio — x 

in 4 of ee ects 53-3 79.6 
Total-N in % 2,10 2,05 


b.h.a.=brown humic acids, g.h.a.=gray humic acids, a.a.=amino acids 


Asa a rule, humic acids from chornozems rich in nitrogen have not only high- 
er absorptions, but also stronger absorptions at longer wave~lengths than the 
humic acids from podsols poor in nitrogen. Tho stronger absorption of humic acids 
from chernozems may be caused by the higher content of non-hydrolysable nitrogen, 
which may have a higher content of bathochromic heterocyclic compounds, than 
that in podsol humic acids, The total nitrogen content cannot play an important 
role in light absorption, since it is found largely in proteins, which do not 
absorb in the visible range. 

Tha fraction of brown humic acids of chernozems has a higher nitrogen con- 
tent than the fraction of gray humic acids. However, the absorption of the fraction 
of gray humic acids is stronger in the total range, than that of the fraction of 
brown humic acids. 

It may be, therefore, that the residue of hydrolysis of ths fraction of 


gray humic acide contains more heterocyclic, bathochromic components, 


The absorption of the residue of hydrolysis of the fraction of brown humic 
’acids is stronger in the total range than that of the fraction of the original 
brown humic acids, although the nitrogen content of this fraction (4,01 % N) is 
higher than that of the residue of hydrolysis (2,01 % N). 
According to Kleist and Mücke (1966) the higher extinction of the fraction 
of Ems humic acids is due to & higher content of radicals. 

. It seems that the sbsorption af fulvie acids is due more to oxidised phe- 
nola than to heterocyclic components with properties of dyestuffs, since these 
bathochromic components would show etronger absorption at longer wave-lengths. 
The absorption of Lulvic acids is less in the range of longer wavelengths, The 
nitrogen content of fulvic acids in gensrally lower /Kononowa 1966/ end the car 
bonyl content higher /Schnitzer 1965/ than that of humic acids. P 

There is a voluminous literature on light absorption of humic substances. 
Recently Kumada /1965/ and very recently Orlov and Grindel /1957/ published sum~ 
marios cf work dealing with this problem. i ` 
. The current theory concerning the colour of humic substences has been de- 

; veloped according to the results cf chemical research, but it muet be supplement- 


ed by further research and the isolation of correspsnding compounds. 


6.1 Random polymerization and effect of nitrogen. 

The polymerisation of phenolic units in the presence of nitrogenous com- 
pounds leads to the formation cf the dark coloured higher molecular weight, humic 
acid like substances. The proposed enzymatic random polymerisation of tyrosine 
to welanin under oxidising conditions can be used for the explanation of the pro- 
cesese waich occur during the formation of humic acids, Helenin too is a higher 
molecular substance, and the polymerization leading to ite formation occurs through 


quinonoid intermediates as ie the case in the formation of humic acids. 


Fig. 13.: Eypothetical schens of olanin synthesis assuming 
the participation of semiquinone frea radicals. 


The random polymerisation of tyrosine to melunin is a relatively simple 
process compared with the formation of humic acids. The foruation of molanin 
starts from tyrosine as a single substance and indole-5,6-quinone, the end pro- 
duct of oxidation of tyrosine ia known, This scheme shows, that not only the 
quinone formed on oxidation, but also that all intermediates participate in the 
formation of the three-dimensional, high molecular weight melanin /Blois 1965/. 

Similar but much more complicated processes occur during the formation of 
humic acids from phenolic units ond nitrogen compounda, The processes of poly- 
merisation are more ccmplex since sevaral phenols and sovorel nitrogenous compo- 
nents such as proteins, peptides, amino acids, amines and perhaps aloo ammonia 
participate in the formation of the polymers, 

By randoa polymerization mostly spherically ahaped colloids are formad. 
We made measurements of the viscosity of model humic acids from hydroquinone, 
which had been oxidized in alkaline solution in the presence of variable amounts 
of ammonia, Tho synthetic humic acids therefore contained different amounts of 
nitrogen. Wo concluded from the requirement of volume - thst is the measured 
viscosity mmber to the theoretical viscosity number of 0,6025 according to Bin- 
stein - , that the humic acids are not compact spherically shuped colloids, They 
have pores and internal spaces and possess a structure which is comparable with 


that of a sponge /Flaig and Beutelspacher 1954/. 


Fig. 14.: Viscosity number as a function of the nitrogen 
content of hydroquinone humic acids. 


In the case of hydroquinone humic acids, the viscosity number increases 


= 101 = 


with an increase in nitrogen content at pH = 3. The higher nitrogen content 
effects a stronger linkage inside the structure of the particles. For both nitro- 
gen-containing and nitrogen-free humic acids the requirement of volume is nearly 
l at pH = 12. We suppose that the hydration ie larger in acid then in alkaline 
solution. 

If one transfera these rosults to natural humic acide it is not necesssry 
for the relation between viecosity number and total nitrogen content to exist, 
ince enalytically ceatermined -amino nitrogen contributes lees to the cross- 
linking than the nitrogen which is non-hydrelysable end partly bound in hetero- 
cyclic form. This is the reason for the exact relationship between nitrogen con- 
tent and viscosity number in the case of hydroquinone humic acids; devietions 


will occur in the case of natural humic acids, 


-6.2 Investigations with the electron microscope. 
It is often possible to determine the particle form end size of colloids 


with the electron microscope. 
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Fig. 15.: Humic acids isolated from chernozem 
at pH 3,5. 
The aggregation to the ramified structure and the simultaneous formetion 
of coscervates occure at p-values of 3.5, whilst the humic acids are dispersed 


in alkaline suspension to nearly single particles, 
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Fig. 16.: Humic acids isolated from chernozen 
at pH 8, e ot 
We showad some years ago /Beutelspacher 1952, Plaig and Beutelspacher 
1951/ that the particle dirmeters of humic acide from chernozen roprscipitated 
23 times are in order of 50 to 100 R. The numorous reprecipitations reduced the 
ash contant to below 1 % and allowed only high molacular weight materiala to 
remain in the suspension. + 
f According to the mentioned requirement of volumo and the daduced spongy 
structure of the humic ecida, it can be concluded from Fo.Ostwulä /1928/ that 
the unite of humic acids are aleo hydrated inside the colloids, Tha strength of 
hydration varies with environmental conditions. From our meaevrements with the 
ultracentrifuge we found an increase in density of the particles in 0,2 N so- i 
dium chloride solution at a pH-yalue of 5,0 comperad with a suspension in water, 
We assume that thie is due to a decrease of hydration, which leads to a change 
in the partial specific volume. . 
_ Hydration shella are also dimiehed mechenicaily by ultrasonic vibration, 
We. could chow by ultrasonic treatment cf suspensions of humic acids that tae 
electron optical density incroseed and the concervatss were partly degraded, 


= 103 - 


een? ` la Stace 


Fig. 1/.: Humic acids (pl=3,5) and ultrasonic 
treatment, 


6.3 Investigations with the ultracentrifuge. 

In published accounts of work in which the ultracentrifuge hae been used, 
only values for the sedimentation constant have been reported /Piret, White, 
Welther snd Madden jr. 1960, Scheffer, Ziechmann and Schlüter 1958/. The sedi- 
mentation constant alone without the diffusion constant does not allow a state- 
ment about the particle weight of high molecular weight substances to be made, 
The above-mentioned authors stated that an exact determination of the diffusion 
constant is impossible, since the preparation of monomolecular humic acide hss 
not, or has only seldom, succeeded. For our investigations we used a new ultra- 
centrifuge, which was built end improved by Beutelspacher in cooperation with 
the firm M. Christ, Osterrode. The special advantages of this centrifuge are a 
more intensive source of light for investigations of coloured substances, a high- 
er constancy of rotation, a higher constancy of temperature (+ 0,01 C) and the 
application of & new optical system for analytical purposes. 

Apperative errors, such as the contra diffusion to the centre of rotation, 
which are described in measurements of humic acids /Scheffer, Ziechmann and 


Schlüter 1958/, and which ere evidently based on the inconstancy of the tempera- 
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ture, no longer occur. 


6,31 The influence of hydrogen ion concentration on the determination 
of the sedimentation and diffusion constant ag well as on part- 
icle weight, diameter and friction of humic acids in water sus- 
pensions and in the presence of 0,2 M NaCl. 


The humic acids were isolated from a "marsch” goil with 0,1 N sodium hy- 
droxide solution, The soil was acidified before extraction and washed with wa- 
ter, After acidifying the extrection solution the humic acids were reprecipi- 
tated 4 timsa and electrodialyzed using 0,10 milliampere and 110 yolt. The 
fractions were taken from the center of the dialyzer at the mentioned pli-values 
and imuediately investigated with the ultracentrifuge. 

The time dependent coursa of sedimentation of the electrodialised samples 
of humic acids in water suspension was determined in the ultracentrifuge by 


measuring the movement of the refractive index gradient with a schlieren optic. 


Density gradient sedimentation patterns of 
an water suspended slectrodialyzed humic 
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Fig, 18,: Density gradient sedimentation patterna of 
a water suspended, electrodialysed humic 
acid pH 4,5. 


The sedimentation diagrams, recorded by photography at 4 ainia inter- 
vals, show that humic acids consist of particles of different size. One part 
appears as a high molecular weight eubstance in form of a Gaussian distribution 
pattern, whilst the other accumulates at the bottom of the moving boundery cell 
under the influence of gravitation at 50.000 rpm in between somo few minutes ao 

` a macromolecular substance and causes a strong increase of the refractive index. 


The Gaussian distribution curve shows an asymmetric course by the presence of 
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different sizes of molecules. This is shown especially by the descending part 
of the curve, 
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Fig. 19.: a) Effect of pH on the sedimentation and 
diffusion properties of an electrodialyzed 
humic acid, 


bd) Effect of pH on the determination of particis 
E E E ee wan 

The next graph shows that the sedimentation constant increases and the aif- 
fusion constant decreases with increasing hydrogen ion concentration (fig. 19.). 

The particle weights calculated according to the formula of Svadverg /1934/ 
incresse from 2 030 at pH = 6.0 to 4 550 at pH = 4.5. 

he Alsnetars of the particles also increase from T8 Ê to 92 Ê with in- 
creasing hydrogen ion concentration. 
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In these investigations it is possible to estimate the particle form by 
means of the friction coefficient. Therefore we calculated the friction coof- 
ficient from the pH-dependent values of the sedimentation and diffusion con- 
stants, It can be seen from the ratio 2/8, (fy = molar friction coefficient 
of globular particles according to the Stokes formula /1849/, f = measured co- 
efficient) the values are in the range between 1,0 and 1,1. It can be conclud- 
ed, therefore, that the humic acids are spherical colloids. This result confirms 
our former investigations with the electron microscope. 

The effect of charge must be recognized when the dissociation of high 
molecular weight ysubstances is studied, since the polyions end counter ions 
possess different charges and different sedimentation and diffusion coefficients 
dus to large differences in their particle sizes, Therefore, a charge gradient 
occurs during sedimentation leading to a decrease in the rate of sedimentation 
of humic acid polyions. An addition of neutrel salts decreases the primary 
chargs effect, and the necessary electron neutrality for an unhindered sedi- 
mentation is reached, The minimum amount of neutral salt which must be added 
depends upon the concentration of the polyelectrolytes. The empirical values 
for a 1 % solution of protein are in the range of 0.2 molar sodium chloride. 

We used this concentration of sodium chloride for our measurements. 

Humic acids may be compared with globular proteins to a certain extent. 
Like globular proteins, humic acids contain acidic groups and nitrogen which 
is assumed to have a basic function. Furthermore, it may be estimated from the 
determined values of “-amino-nitrogen and from the amino acids bound in pep- 
tide - like fashion that numic acids have a protein content of about 5 %, 

The results of experiments with 2 electrodialyzed samples are depicted 
in tab.4, The valuea hava been measured at pH = 4.5 and 5.0 after addition of 
sodium chloride. It should be noted that remarkabla differences occur in salt 
containing suspensions in comparison with water suspensions, The sedimentation 
constant increasss from 1.77 to 4.46 x 10733 at pH = 5.0 and from 2.01 to 4.71 
x 10743 at pi = 4.5. 

The values of the diffusion constant are especially influenced by the ad- 
dition of sodium chloride. A comparison of the diffusion constants determined 
in water shows that the values dscreass from 4.21 to 0.48 x 1076 at pH = 5.0 
and from 3.54 to 0.56 x 1076 at pH = 4,5. The sedimentation constant is more 
than doubled on addition ot sodium chloride, while the diffusion constant de- 
creases about ten-fold. i 

Due to the considerable decrease in the diffusion constants, particle 
weights of 77,000 versus 3,490 at pH = 5.0 and 60,400 versus 4,850 at pH = 4.5 


were determined for the main part of the suspension. The high values are not 


essentially different from the particle woighta estimated in the electron micro- 
scopo atudics. The @iemeters of the particles deviate little from those which 
wers determined in pure water suspension. The values obtained were 138 and 142 DH 
Aeppeetieeiz, i ` 

The friction ratio Sit, moves to 1.2 and 1.5 and is therefore è little 
higher than thet in water suspeneion. Therefore, it can be concludsä that the 
morphology of humic acids shows little deviation from the ideal sphere. 
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Fig. 20.: Density gradient sedimentation pattern ` 
of an electrodialysed humic acid et pH 4.5 
suspended in 0.2 M Hei, 
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If one compares the sedimsntation diagrams of humic acids with and with- 
out addition of salt, which have been obtained under the ssme conditions, it can 
be established that the polydisparsity in the salt-containing suepension is not 
so es marked as in a water ouspension. The half-width valua of the Gaussian 
distribution curve is remarkably smaller, and the precipitation at the bottom 
of ths coll is reduced. But the right part of the Gaussien distribution curve 
&lwaye deviates more from the frequency maximum in the course of the progress- 
ing eodinentation. This may be evidence in support of our opinion that particles 
with a higher weight are present. ; 

Several authors believe that humic acids could be characterized simply by 
€% raining the cedimentation constant by ultracentrifugstion, snd that it is pos- 
Bible to estimste particle weights by consideration of a tee sedimentation 
coefficient at a constant value of the diffusion constant. f 


According to our results, tho above procedures would lead to misinterpre- 


tations, because the diffusion constant shows a strong variation dus to environ- 
' mentel conditions, A teo-fold increase in the sedimentation constant and a tan- 
fold decrease in the diffusion constant, relative to the primary valuas, cause 
a 35 to 20 fold increase in particle weight, These deviations are not nagligi- 
ble in particle weight determinations, We can conclude, therefore, that parti- 
cla weights can be used for characterising humic acidspnly when both constants 


ere neesured. 


Ts Summary, 
I have discussed somo problomse of chemical composition and physical pro- 


portiss of humic substances with regard to their phenolic and nitrogenous 
structure unite, 


Elks Sind Tite tg tie chakionl composition CR e 
propertias of humic aubstences. 

The scheme depicted above is concerned only with the problems diecussed 
and therefore gives no informition about other processes which also occur 
during huwification. l 

The analytical data show that there are essentially two sources of phe- 
Bola for the formation of humic substences in nature. 


(1) Phenols of mainly resorcinol and phloroglucinol type which are synthesized 
by microorgeniams, contribute to the composition of humic acids, These sub-. 
"atancas aro altered by transformation to phenole which can ba oxidized to 
quinones and by reactions with nitrogenous compounds or oxidetive coupling 
with quinones. 


g 


(2) The formation of phenols from lignin occurs mainly by microbial dsgradation, 


in which the cleavage of the aromatic ring plays an important role and the 
structure of the lignin molecule is disrupted. Largs or small degradation 
products are formed, which contribute to the composition of humic substances 


by reactions with nitrogenous compounds in all phases of the degradation. 


In the course of the above-mentioned reactions, the formation of hetero- 
cyclic compounds which may contribute to the colour, an essential propsrty of 
humic substances, also cccuro. 

The chemistry of ths meniionsd structurel units leads to an elucidstion 
of the processes by which higher molecular weight substences are formed, The 
humic acids are anionic, spherical hoteropolymers and seem also to have proper- 
tios of electron exchangers. After eppsrative improvements of an ultracentrifu- 
ge, contributions to the knowledge of particle form, size and weight of humic 
acids were made. The determination of sedimentation and diffusion constenta is 
always necessary for characterizing humie acide according te the mentioned 
physical properties. 
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